Rhabdomyosarcoma (RMS) is a rare mesenchymal tumor. The aim of the present study was to develop a patientderived orthotopic xenograft (PDOX) mouse model of RMS and compare the PDOX model to a subcutaneous (s.c.)-transplant model. A patient RMS from a striated muscle was grown orthotopically in the right biceps femoris muscle and right quadriceps muscle of nude mice to establish a PDOX model, as well as under the skin to establish an s.c. model. PDOX tumors grew at a statistically-significant faster rate compared to the s.c. tumors. Recurrence after surgical resection occurred only in PDOX tumors, not in the s.c. model. Histologically, only the PDOX model was shown to be invasive. In conclusion, these results indicate that the PDOX model of adult RMS is malignant and the subcutaneous model is benign. These results emphasize that a proper tumor microenvironment is necessary for patient-like behavior of a tumor in a mouse model.
Introduction
Rhabdomyosarcoma (RMS) is a recalcitrant mesenchymal tumor that occurs rarely, 1, 2 and usually in the first 2 decades of life. 3, 4 A clinically-relevant mouse model of RMS could make possible important advances in the understanding and therapy of RMS.
Discrepancies have been repeatedly described between the malignant behavior of tumors in the patient compared to their benign tumor behavior in the subcutaneous (s.c.)-transplanted xenografts in nude mice. 5 Our laboratory pioneered the patient-derived orthotopic xenograft (PDOX) nude mouse model with the technique of surgical orthotopic implantation (SOI) of intact cancer tissue. 5, 6 PDOX models from patients with colon, 6 pancreatic, [7] [8] [9] [10] [11] breast, 12 ovarian, 13 lung, 14 cervical, 15 stomach cancer, 16 and mesothelioma 17 were established by our laboratory resulting in primary and metastatic tumor growth very similar to that of the patient.
We have recently established PDOX models of soft tissue sarcoma including follicular dendritic-cell sarcoma, leiomyosarcoma, and Ewing's sarcoma [18] [19] [20] [21] and melanoma. 22 In the present report, we describe the very different behavior of orthotopic and s.c. models of adult pleomorphic RMS in nude mouse models.
Results and discussion
Growth rate of the RMS PDOX is greater than RMS subcutaneous tumor in nude mice Two weeks after tumor implantation, the tumor take ratio for the RMS subcutaneous (s.c.) mouse models was 90% and for the PDOX models was 100%. Six weeks after tumor implantation, tumor volume in the PDOX models growing either into the biceps femoris muscle (1294.3 § 5 mm (Fig. 1 ). There were no significant difference in volume between tumors growing in the biceps femoris muscle or the quadriceps femoris muscle.
PDOX tumors reached 20 mm earlier in the biceps femoris muscle group (9 § 1.1 weeks, p D 0.004); and quadriceps femoris group (9.13 § 0.6 weeks, p D 0.003) compared to the s.c. group (14.75 § 3.4 weeks), demonstrated with Kaplan-Mayer analysis (Fig. 2) . These results indicate that the RMS in the PDOX model grew faster than in the s.c. model.
Tumor recurrence after resection only in the PDOX model
When the s.c. or PDOX tumors reached 20 mm (Fig. 3) , they were resected. After tumor resection, recurrence was observed only in the PDOX mice. Kaplan-Meier analysis with the log-rank test demonstrated that recurrence-free survival was significantly shorter in the mice with orthotopically-implanted tumors in the biceps-femoris muscle (p D 0.018) and quadriceps-femoris muscle (pD0.026) compared to the mice with subcutaneous tumors (Fig. 3) .
Tumor invasiveness only in the PDOX model
High power microscopy of the original patient tumor displayed solid sheets of tumor cells characterized by pleomorphic, hyperchromatic, enlarged nuclei with coarse chromatin and moderate amounts of lightly-eosinophilic cytoplasm. Numerous mitotic figures, including atypical forms are present ( Fig. 4A ). High power microscopy of subcutaneously-implanted tumors and orthotopically-implanted tumors displayed identical features including pleomorphic, hyperchromatic, enlarged nuclei with coarse chromatin and moderate amounts of lightly-eosinophilic cytoplasm. Numerous mitotic figures, including atypical forms were also present (Fig. 4B, C) . Recurrent tumors appearing after excision of orthotopic tumors displayed almost identical features as the original patient tumor and primary-implanted tumor (Fig. 4D) . High power microscopy of the tumor muscle margin of orthotopically-implanted tumors showed infiltration of cancer cells in surrounding muscle tissues (Fig. 4E, F) .
The present report demonstrates fundamental differences between the PDOX and s.c. mouse models of RMS. This is consistent with our previous observations of direct comparison of orthotopic and s.c. models of other tumor types such as stomach, 16 breast, 12 prostate, 23 kidney 24 and others. 5 The orthotopic and s.c. and other ectopic sites have different tumor microenvironments which accounts for the different behavior of the tumors at each site. 25, 26 In vivo imaging at the cellular level of GFP-labeled cancer cells showed that invasion could start within 1 or 2 days, with metastasis occurring by 4 days after orthotopic implantation, but never occurred at the s.c. site. 23 Although simplistic hyphotheses suggest a single growth factor such as TGF-b may be responsible for a "pro-metastatic" effect, 27, 28 the fundamental difference between the s.c. and orthotopic tumor microenvironment's ability to enable malignant behavior, such as observed in the present report, indicates a more complex mechanism.
Materials and methods

Animal care
Athymic nu/nu nude mice (AntiCancer Inc., San Diego, CA), 4-6 weeks old, were used in this study. All animal studies were conducted with an AntiCancer Institutional Animal Care and Use Committee (IACUC)-protocol specifically approved for this ). There were no significant differences in growth rate between tumors growing in either the bicepsfemoris muscle or quadriceps-femoris muscle. study and in accordance with the principles and procedures outlined in the National Institute of Health Guide for the Care and Use of Animals under Assurance Number A3873-1. In order to minimize any suffering of the animals, anesthesia and analgesics were used for all surgical experiments. Animals were anesthetized by subcutaneous injection of a 0.02 ml solution of 20 mg/kg ketamine, 15.2 mg/kg xylazine, and 0.48 mg/kg acepromazine maleate. The response of animals during surgery was monitored to ensure adequate depth of anesthesia. The animals were observed on a daily basis and humanely sacrificed by CO 2 inhalation if they met the following humane endpoint criteria: severe tumor burden (more than 20 mm in diameter), prostration, significant body-weight loss, difficulty breathing, rotational motion and body temperature drop. Animals were housed in a barrier facility on a high-efficiency particulate-arrestance (HEPA)-filtered rack under standard conditions of 12-hour light/dark cycles. The animals were fed an autoclaved laboratory rodent diet.
Patient-derived tumor
A 68-years-old male diagnosed with a pleomorphic rhabdomyosarcoma (RMS) in the right high thigh underwent surgical resection at Department of Surgery, University of California, Los Angeles (UCLA). The patient did not receive any chemotherapy or radiotherapy prior to surgery. Written informed consent was obtained from the patient as part of a UCLA Institutional Review Board-approved protocol (IRB #10-001857).
Surgical orthotopic implantation (SOI) for establishment of the RMS PDOX model
A fresh sample of the tumor from the patient was obtained and transported immediately to the laboratory at AntiCancer, Inc., on wet ice. The sample was cut into 5 mm fragments and implanted subcutaneously in nude mice. The grown tumors were harvested and cut into small fragments (3-4 mm). After the nude mice were anesthetized, a 5 mm skin incision was made on the right high thigh, then the biceps femoris or quadriceps femoris was split to make space for tumor implantation. A single tumor fragment was implanted orthotopically into the space to establish a PDOX model. A single fragment was implanted under the skin to establish the s.c. model. The wounds were closed with 6-0 nylon suture (Ethilon, Ethicon, Inc., NJ, USA).
Study design for the PDOX and subcutaneous models
The mice were divided into 3 groups, G1: subcutaneous-transplant model (n D 10); G2: PDOX model with tumors transplanted in the biceps-femoris muscle (n D 10), G3: PDOX model with tumors transplanted in the quadriceps-femoris muscle (n D 10). Tumor length and width were measured once a week with calipers. Tumor volume was calculated with the following formula: Tumor volume (mm 3 ) D length (mm) £ width (mm) £ width (mm) £ 1/2. Data are presented as mean § SD. When the tumors reached 20 mm, they were resected under anesthesia induced by the ketamine-solution anesthesia described above. After tumor resection, the mice were further evaluated for incidence of local recurrence.
Histological examination
Fresh tumor samples were fixed in 10% formalin and embedded in paraffin before sectioning and staining. Tissue sections (5 mm) were deparaffinized in xylene and rehydrated in an ethanol series. Hematoxylin and eosin (H&E) staining was performed according to standard protocols. Histological examination was performed with a BHS System Microscope (Olympus Corporation, Tokyo, Japan). Images were acquired with INFINITY ANALYZE software (Lumenera Corporation, Ottawa, Canada).
